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Local crystalline changes during transmission efectron micros-
copy (TEM) examination of hydroxyapatite (OHAp) comnpounds
have been revealed by combining electron diffraction analysis and
the Moiré fringe method. The latter is a sensitive tool for the
detection of small crystal variations induced by beam irradiation
damage in the OHAp structure. TEM observations suggest that a
hexagonal (P6,/m) to monoclinic (with b = 2a) transformation
could occur as a possible result of beam-induced stoichiometry
changes. Such order—disorder transformations seem to be related
to very small local crystal lattice rotations as deduced by the chang-
ing of the Moiré patterns period under the electron beam. o 1595
Academic Press, Inc.

INTRODUCTION

Human calcified tissues (i.e., bones, teeth, and carti-
lage) are composed to a very large extent of hydroxyapa-
tite (OHAp) crystals of chemical composition Ca,,
(PO,)(OH), (1-3). Synthetic OHAp is a biomaterial that
poses challenges for use in clinical applications (4-6).
The physicochemical properties of this compound used
as biomaterial depend strongly on crystal stoichiometry
(i.e., Ca/P ratio) and also on the surface state (absorbed
ions or molecules).

The chemical composition and original symmetry of the
OHAp structure (Table 1) may be altered during TEM
observations (7-12). It has been shown that by working
at 200, 300, and 400 kV, electrons may displace or even
gject many ions from their original sites {especially Ca
ions), leading to the destruction of the OHAp structure
and to the formation of either CaO or a-Cay(PO,),
(a-TCP) structures (7, 13-16). The possible existence of
the monoclinic P2,/6 OHAp structure has also been dis-
cussed (19, 20), but the influence of the beam irradiation
on the stability of this phase is not clear.
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Several irradiation-induced phenomena have been ob-
served during the examination of OHAp crystals by TEM:
orientation-dependent damage in the form of void forma-
tion or uniform destruction of the crystal structure, sur-
face roughening, etc. (7).

In this paper, the damage phenomena in the OHAp
structure induced by irradiation at 200 kV are studied. In
contrast to previous HREM and diffraction studies deal-
ing with irradiation damage in the OHAp structure, we
have used the sensitive Moiré fringe method, which, cou-
pled with microdiffraction and optical diffraction analysis,
can reveal new aspects of local structure and symmetry
of OHAp evolution with irradiation.

EXPERIMENTAL

Hydroxyapatite was prepared by the reaction of
Ca(NO;), - 4H,0 (1 M) and KH,PO, (0.6 M) in aqueous
solution. OHAp powders were characterized by X-ray
diffraction with CuK« radiation on a Siemens D-5000 dif-
fractometer.

Chemical analysis was performed by using the atomic
absorption method for calcium (Perkin-Elmer 2280) and
a spectrophotometric nitromolybdatevanadate method
for phosphorus.

Infrared spectroscopic measurements have been car-
ried out at room temperature using a Perkin—Elmer Model
283 instrument, with the samples being prepared as
KBr pellets.

The OHAp sample for TEM was prepared by dry dis-
persion on a copper grid covered with a thin holey carbon
film. The TEM study was performed on a JEOL 2000 FX
electron microscope operated at 200 kV and equipped
with a side-entry double-tilt specimen stage. Distances
and angles of the Moiré pattern were measured directly
on the photographs and on the optical diffractograms, as
they present a calibration scale as well. Multislice calcula-
tions have been performed with the NCEMSS program
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TABLE 1
Crystallographic Parameters of Hydroxyapatite (22)

Lattice Hexagonal, a = b = 0.9432 nm, ¢ = 0.6881 nm, and
Z=2

P63/m (No. 176)

O(1) in 6(k): 0.3272, 0.4837, 0.25, occ? =

O(2) in 6(h): 0.5899, 0.4666, 0.25, occ = 1

O(3) in 12¢)): 0.3457, 0.2595, 0.0736, occ = 1

P in 6(k): 0.3999, 0.3698, (.25, occ = 1

Ca(1) in 4(f): 1/3, 2/3, 0.0010, occ = 1

Ca(2) in 6{/): 0.2464, 0.9938, 0.25, occ = 1

OH in 4(c): 0.0, 0.0, 0.1930, occ = 1/2

H in 4{¢): 0.0, 0.0, 0.0617, occ = 1/2

Space group
Atomic
coordinates

¢ oce stands for occupancy.

(21). Atomic positions of OHAp determined by Kay et al.
(22) from X-ray diffraction data were used (Table 1).

RESULTS AND DISCUSSION

Chemical analysis of Ca and P reveals that the synthe-
sized OHAp sample is stoichiometric (i.c., molar ratio
Ca/P = 1.667). All X-ray diffraction maxima can be in-
dexed on the basis of the OHAp unit cell (23). Infrared
spectrum analysis performed on this sample shows the
typical absorption bands of hydroxyapatite. Two charac-
teristic absorption bands at 1090-1050 cm™! correspond
to the antisymmetric stretching vibration mode of the
phosphate group. A single absorption band at 960 cm™!
can be assigned to the symmetric vibration mode, and the
two bands at 600 and 570 cm™! correspond to the bending
mode of the phosphate group. Finally, two adsorption
bands at 3570 cm ™! (stretching mode) and 630 cm™! (bend-
ing mode) can be assigned to the OH group (24, 25).

Electron microscopy observations have been per-
formed on the synthesized stoichiometric OHAp sample
Ca (PO, )(OH),. As long as the JEOL 2000FX micro-
scope has a structure resolution limit of 0.31 nm, there
is not enough resolution to solve atom clusters in the
OHAp structure (19); therefore, the lattice image along
the [0001] zone axis (Fig. 1) is not an atomic structure
image. The projection sixfold hexagonal symmetry with
a clear absence of mirror planes parallel to the c-axis is
apparently conserved in some arcas (see the area marked
Ain Fig. 1) and is reflected in the corresponding microdif-
fraction pattern (left inset).

Simulated images (Fig. 2) show a quite satisfactory
match with the structure image at Af = 150 nm (part A
in Fig. 1) and for r = 5.5 nm crystal thickness. However,
the lattice image in part B does not fit the calculated
image, probably because of crystal tilt; the corresponding
microdiffraction pattern in part B of the crystal shows
some deviation from the perfect sixfold hexagonal sym-
metry, which is possibly related to the crystal tilt of area
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B with respect to area A. Therefore, the anomalous behav-
ior of the lattice image in part B may be due to local
elastic-bending distortion of the specimen (26). However,
the possible existence of beam tilt with respect to the
crystal cannot be excluded, as it also distorts the image
at higher thickness (27). Areas of white contrast in Fig.
1 (marked C) are possibly due to thickness and density
variations related to local Ca/P stoichiometry (11, 12).

The possible presence and detection of the OHAp
monoclinic form by converging beam electron diffraction
(CBED) have recently been discussed (17). Both the
monoclinic and hexagonal types of OHAp are very simi-
lar (Table 2). The distribution of hexagonal and twin-
related monoclinic domains by means of 120° rotation
about the c-axis has been reported (18, 20). However, it
is still not clear if there is any possible transformation from
the hexagonal to the monoclinic form as a consequence of
beam irradiation.

The formation of CaO and (a-TCP) during TEM irradia-
tion damage observations has also been reported (7, 8,
10, 16). The decomposition of OHAp at high temperatures
can be described as

2 Cay(PO,),(OH) — 3 Cay(PO,), + CaO + H,0.

When OHAp is heated at 1050°C it converis partially to
B-TCP, as observed in the X-ray diffraction pattern (28).
On the other hand, the formation of a-TCP when OHAp
decomposes at high temperatures during TEM observa-
tion could be explained in terms of chemical reactions
occurring under conditions far from equilibrium which
may also depend on incident beam energy and/or crystal
orientation (29).

Specimen irradiation damage may be due to direct dis-
placements (knock-on collisions), radiolysis effects due
to the ionization of the specimen elements, or rise in
temperature due to energy loss by the electrons along their
trajectory in the irradiated material (30-35). However, it
is widely accepted that damage due 1o a single mechanism
rarely occurs,

Figure 3a shows the zero-order Laue zone (ZOLZ) mi-
crodiffraction pattern of an OHAp crystal along the [0001]
orientation. The sixfold symmetry can be observed. In
addition, the first-order Laue zone (FOLZ) is also visible
although with very weak intensity. Using the formula

H = 2/x (RICLY,

where H stands for the spacing between ZOLZ and FOLZ
(in nm), R stands for the FOLZ radii (in nm), and CL is
the camera constant in (mm X nm), the repeat distance
along the c-axis can be approximately calculated (36),
giving a value of H = (.7 nm, which is very close to that
for the OHAp c-axis (¢ = 0.688 nm).
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FIG. 1. Image of an OHAp crystal along the [0001] direction. Left inset: microdiffraction pattern taken at the left part (A} of the crystal.
Right inset: the microdiffraction pattern taken at the lower part {B) of the crystal.
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FIG. 2. Through-focus series of computed simulated images of the OHAp structure along the [(0001] zone. On each image 4 X 4 unit cells are
shown (C, = 2.3 mm, C, = 2.2 mm).
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TABLE 2
Crystal Structures of Some Compounds Often Found with OHAp

Compound Symmetry Lattice parameters
Hydroxyapatite Monoclinic (P2,/5) a = 0.963 nm
(Ca (PO, )6(OH),) b =2a, ¢ = 0.688 nm
y = 120°
o-Tricalcium phosphate  Orthorhombic a = 1.522 nm
(a-Ca; (P04)1) b = 2071 nm
¢ = 09109 nm
B-Tricalcium phosphate  Rhombohedral a=b= 1042 nm
(B-Cay(POy)y) {R3m) ¢ =374 nm
Calcium oxide Cubic {Fm3m) a=bhb=c=043 nm
(Ca0)
Octacalcium phosphate  Triclinic (P)) a =109 nm, o« = 92.5°
{CagH,(PO,); - 15H,0) b=19nm, g =90.0°
¢ = 0.686 nm, y = 79.9°
Brushite Monoclinic a=0.636nm, g = 118.5°
(CaHPO, - 12H,(0) b =1.519 nm
¢ = 0.581 nm

After 5 min of irradiation, the sixfold symmetry is still
maintained and the FOLZ still appears with the same
repeat distance along the c-axis, as observed in the mi-
crodiffraction pattern shown in Fig, 3b. The above results
are found to be reproducible over several OHAp crystals
along the [0001] orientation.

On the other hand, the microdiffraction pattern aligned
along [2110] zone axis shows a 2-mm projection symme-
try with only weak intensity visible within the (000/)
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(I = odd) reflections (Fig. 4a). After few minutes of irradia-
tion under the electron beam, a FOLZ ring appears with
a corresponding repeat distance along [2110) of 0.99 nm
(Fig. 4b). The same crystal. was then tilted to the [1100]
orientation; from the FOLZ ring, the corresponding re-
peat distance is found to be 1.67 nm (Fig. 4¢).

Those repeat distances of 1.67 and 0.99 nm deduced
from corresponding FOLZ rings along [1T00] and [2110]
orientations, respectively, are observed over several irra-
diated OHAp crystals. According to our observations,
such FOLZ rings are not detected before beam heating
{sce Figs. 4a and 4d).

The presence of the monoclinic form of OHAp (with
b = 2q) is not detected in our X-ray diffraction pattern.
On the other hand, according to the above observations,
the sixfold symmetry along the [0001] orientation is appar-
ently conserved even after beam heating. Although the
OHAp P21/h monoclinic phase and the hexagonal
(P63/m) give identical ZOLZ patterns along this zone axis
(17), the existence of 1.67 and 0.99 nm repeat distances
along [1100] and [2T10], respectively, indicates that some
crystal structure transformation takes place under beam
irradiation.

On the other hand, the weak intensity observed, in
general, in the (000) (¢ = odd) reflections of beam irradi-
ated crystals (not allowed by the P63/m space group) is
probably related to such a space group transformation.

Although the observed spacings at 1.67 and 0.99 nm
could be described on the basis of a monoclinic cell (with
Cmonoe &N Gmonoe = 2Bpex, dorg = 1.64 nm, diyy =

Chex =

FIG. 3.

(a) The microdiffraction pattern of OHAp criented along the [0001] zone axis; (b) the same pattern as shown in (a) after 5 min of

irradiation; the sixfold symmetry is still maintained. The pattern is overexposed in order to better observe the appearance of sixfold symmetry.
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FIG. 4. (a) MDP of OHAp viewed along the [2110] zone axis, before irradiation: 2 mm symmetry is observed; (b) MDP of the same crystal
along the [2110] zone axis after 5 min of irradiation; a FOLZ ring appears; (c) MDP of the same crystal (already irradiated) tilted to [1100]
orientation; a FOLZ ring is apparent; (d) MDP of OHAp crystal along [1100] before irradiation.

0.95 nm), the presence of other phases previously re-
ported (see Table 2) with large crystal parameters cannot
be excluded.

In order to obtain further information on the nature
of the observed structural changes under irradiation, the
sensitive Moiré fringe method has been used. Moiré fringe
patierns have proven to be not only an excellent tool for
the detection of very small local crystal spacing variations
(undetectable in the image or diffraction pattern), but also
to enhance the effects of rotations, defects, and strain
fields (37-41). Such an example is given in Figs. 5a, 5b,
and 5c, where a clear evolution of the Moiré pattern as

a function of the irradiation time is observed along
[2110].

The corresponding optical diffraction taken from the
Moir¢ fringe area (1'g. 6) clearly shows matrix OHAp
spots and spots at & - 0.335 nm (marked by arrows) which
are slightly misaligned from the exact parallel position to
the (0001) matrix row. These extra spots could be attrib-
uted to the presence of a second phase. Now, as long as
the irradiation experiments along the [0001] zone axis
indicate that the compound remains hexagonal (or even
monoclinic), because the sixfold axis is maintained and
the presence of other phases (Table 2) is less probable
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FIG. 5. OHAp crystal aligned along the [2110) zone axis. Increasing irradiation time (¢ = 0, 1, and 2 min in panels (a)—(c), respectively) gives

rise to the change of the Moiré fringe period.

since they are undetectable in our electron diffraction
patterns, it could be supposed that the extra spots at d =
0.335 nm correspond to the dy,, spacing of a second
OHAp'.

Moiré fringe patterns are generated from the interfer-
ence between lattice planes, namely, dy,(OHAp) = 0.335
nm and dy,(OHAp'Y = 0.344 nm. The direction of the
fringes is perpendicuiar to the line joining the pair of
the (0002)gy 4, and (0002)oy 4, spots. The observed Moiré
fringe patterns may be analyzed by means of the well-
known formula (41)

D= donapdonay
(dduap T donay — 2domapdonay €08 ¢) 1/2°

(1]

where ¢ is the rotation angle between those misoriented
planes and D stands for the Moiré fringe period. The
analysis of the evolution D and ¢ with irradiation leads to
the values gathered in Table 3. In the table, the observed
values of Moiré D spacings (Fig. 5) are compared to those
values calculated with the dy,(OHAp) and dy,,(OHAp')
lattice parameters and Eq. [1]. Rotation angle values ¢
can be observed directly on the optical diffractograms of
Fig. 6; the evolution of D spacings with beam heating is
related to the small changes of angle ¢ observed in Figs.
6a and 6b.

From the above observations it can be concluded that
the change in period D in the Moiré fringe pattern could
be due to a local rotation of a probable second OHAp'
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FIG. 6. (a) Optical diffractogram taken from the Moiré region of
Fig. 5a. (b} Optical diffractogram taken from the Moiré region of Fig. Sc.

phase in relation to the OHAp matrix. On the other hand,
direct comparison of the optical diffractograms shown in
Figs. 6a and 6b indicates that dg, and dyy. spacings of
the OHAp matrix are not altered by beam heating.

The disorder created in the OHAp structure by beam
irradiation has been extensively studied (7-17). It is possi-
ble that the observed very small local crystal rotations,
which are undetectable in the electron diffraction pat-
terns, are related to stoichiometric changes and order-
disorder transformations (¢.g., changes in a space group
from P63/m to monoclinic).

TABLE 3
Evolution of Moiré Fringes with Irradiation

Irradiation time D g {nim) D (nm) Dobs ()
t =0 min 219 2.46 8.0(5)
= 2 min 2.50 2.83 7.0(5)
t = 4 min 3.44 3.95 5.0(5)
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Another example of the usefulness of the Moiré fringe
patterns in detecting small crystal variations can be ob-
served in Figs. 7a, 7b, and 7¢ where a series of structural
images along [2110], at different time intervals of irradia-
tion, is shown. A Moiré fringe pattern may be formed as
a consequence of beam damage, as long as end products
following QHAp decomposition are formed at the surface
and/or the bulk of the OHAp structure.

The optical diffraction pattern taken from the Moiré
pattern area (Fig. 8a) shows the presence of slightly mis-
oriented spots {marked with arrows) from the exact paral-
lel position in relation to the matrix (1010) OHAp row.
This spot, corresponding to & = 0,278 nm spacing, could
be attributed to the intense (2131) OHAp reflection
(dy,3; = 0.281 nm). According to previous work (7), image
simufation experiments demonstrate that the most proba-
bie beam-induced (at 300 kV) end product in OHAp crys-
tals is in fact Ca(Q; therefore, this spot could also be
attributed to the (111)¢,q reflection. Nevertheless, as long
as electron diffraction patterns along [0001] indicate that
the sixfold symmetry is maintained after irradiation, we
assume that this extra spot probably belongs to the
d>5; spacing of another OHAp" surface-formed micro-
crystal,

In this case, since the misalignment angle of the two
lattice plane spacings (namely, ds5(OHAp) = 0.272 nm
and 45,5 {OHAp") = 0.278 nm) is small (¢ = 6.5°), Moiré
fringe patterns may be generated from the interference
between them.

According to Eq. [1], the calculated period of Moiré
fringes is D, = 2.34 nm, in good agreement with the
experimentally determined one, D,,, = 2.39 nm, directly
measured on the optical diffractogram and on the photo-
graph plate.

If we suppose now that the new phase is indeed CaQO
and the observed spacing d = 0.278(5) nm corresponds
to the (1!1)q, distance (0.277 nm) then, applying Eq. [1],
the calculated Moiré period D is found to be D, = 2.40
nm; as can be observed, the CaO presence could also
be compatible with the experimentally observed Moiré
D.,, spacing.

The fringe pattern shown in Fig. 7a and 7b satisfies the
standard criteria for Moiré fringe regarding their spacing
and orientation, and it is perpendicular to the line joining
the pair of optical diffraction spots which combine to form
the Moiré pattern.

In this case, the crystal formed at the surface, which
probably shows the OHAp structure, is oriented slightly
off the exact two-beam ceondition for the assumed
(2131) OHAp reflection, because of crystal tilt. Moiré
fringes are more sensitive to tilts than the high-resohition
pattern is, and this can be used to detect tilts in the HREM
image (42).

In the series of pictures taken at different irradiation
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FIG. 7. OHAp crystal aligned along the [2ﬁ0] zone axis. Panels (a)-(¢) have been cobserved at increasing irradiation times (f = 0, 3, and
6 min, respectively). In {c), the Moiré fringe pattern previously observed (see arrow) has disappeared.

times (Figs. 7a-7c), the evolution of Moiré fringes is
clearly observed. Their spacing and their orientation in
relation to the substrate have not changed, although they
are slightly displaced as a whole (see Fig. 7b). Finally,
their contrast almost disappears with time (Fig. 7¢).
Such a behavior could be explained from the results of
the dynamical theory of Moiré pattern formation (43, 44).
In fact, the direction of the fringes and their spacing are
not influenced by a variation of thickness of the two over-
lapped crystals or by a slight variation of their orientation

in relation to the electron beam. Nevertheless, according
to the dynamical diffraction theory, the details of the
Moiré fringe pattern will be continuously modified during
tilting. Although the direction and the spacing of the Moiré
fringes remain unaltered, the fringes are displaced and
the contrast between dark and bright fringes and their
intensities varies. For thin crystals, a well-defined Moiré
pattern should disappear rather slowly during tilting and
should not reappear, or, at least, should reappear only
vaguely (43).
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FIG. 8. (a) Optical diffractogram taken from the Moiré region of
Figs. 3a and 3b. (b) Optical diffractogram of the arrowed area of Fig.
3c. The crystal has been tilted toward the 10001] diffraction spot.

Therefore, we can conclude that our experimental re-
sults from the observed Moiré patterns agree with the
previously theoretical predictions; in addition, crystal tilt
is also evidenced from the optical diffraction pattern
(Fig. 8b).

CONCLUSIONS

Beam-induced transformations in OHAp-type struc-

tures leading to the formation of CaQ and a-Cay(PO,),
arc strongly dependent on the initial stoichiometry of the
irradiated OHAp structure and/or the energy of the inci-
dence beam. It seems probable that electron beam irradia-
tion induces stoichiometry changes. On the other hand,
observed d spacings from corresponding FOLZ rings in
electron diffraction patterns of OHAp stoichiometric irra-
diated samples may be related to a possible hexagonal to
monoclinic phase transformation (e.g., P63/m to mono-
clinic with b = 24).
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The Moiré fringe method has proved to be a very useful
tool, since it is possible to detect local phase transforma-
tions inside the OHAp structure, which are otherwise
undetectable in the electron diffraction patterns.
Order-disorder transformations in the OHAp structure
seem to be related to very small local lattice rotations,
which, in turn, are detectable by the changing of the period
of Moiré fringe patterns under beam heating. Moreover,
the behavior of Moiré fringes with continuous tilting of
the crystal is consistent with the dynamical diffraction
theory, proving the sensibility of this method in the detec-
tion of very small crystal variations.
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